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Abstract 
The heater (or acceptor) of a Stirling engine, where most of 
the thermal energy is accepted into the engine by heat transfer, 
is the hottest part of the engine. Almost as hot is the adjacent 
expansion space of the engine. In the expansion space, the 
flow is oscillatory, impinging on a two-dimensional 
concavely-curved surface. Knowing the heat transfer on the 
inside surface of the engine head is critical to the engine 
design for efficiency and reliability. However, the flow in this 
region is not well understood and support is required to 
develop the CFD codes needed to design modern Stirling 
engines of high efficiency and power output. The present 
project is to experimentally investigate the flow and heat 
transfer in the heater head region. Flow fields and heat transfer 
coefficients are measured to characterize the oscillatory flow 
as well as to supply experimental validation for the CFD 
Stirling engine design codes. Presented also is a discussion of 
how these results might be used for heater head and acceptor 
region design calculations. 
 
Nomenclature 
cp  Specific heat 
ddisplacer  Characteristic length, taken to be the 
displacer diameter 
h  Heat transfer coefficient  
k  Thermal conductivity 
l Length along head inner surface from 
 first measuring station, p1, toward center. 
lh Total length of the head inner surface 
q  Wall heat flux 
R0 Cam offset 




T  Temperature 
Umax  Maximum displacer speed 




Xmax  Amplitude of the displacer motion 
y  Distance normal to the head wall 
ν  Kinematic viscosity 
f  Oscillation frequency 
δ Boundary layer thickness 
Greek 
ω Oscillation frequency 
θ  Cam position or position within the  
 oscillation cycle 
Subscripts 
aw  Adiabatic wall temperature 
wall At the wall 
∞ Outside of the boundary layer 
 
Introduction 
The research is motivated largely by a desire to improve 
the understanding of oscillatory fluid mechanics and heat 
transfer inside a Stirling engine as well as to support the 
development of multi-dimensional CFD models for design of 
modern Stirling engines. Focus is given to the expansion 
region where the flow is separated and transitions from 
laminar flow to turbulent flow. In this region, such flow 
features as jets and vortices have been identified. Therefore, 
experimentation is necessary. In this study, the experiments 
are conducted to characterize the flow and heat transfer for 
comparison to computational results.  
Adolfson et al. (2003) conducted an introductory 
investigation of the flow features in the expansion space by 
utilizing two parallel disks as a simulation of the heater head 
region. Flow visualization and hot-wire anemometry 
measurements were performed under conditions of 
unidirectional flow and oscillatory flow (zero mean velocity). 
Valuable information was offered by this work towards 
understanding the fluid mechanics inside a Stirling engine. 
Unsteady separation and laminar-to-turbulent transition were 
shown in this study. However, a more accurate simulation of 
the expansion space geometry is needed and, thus, the present 
test section, with a more engine-like geometry, was made. 
Dimensionless Similarity 
A representative Stirling cycle engine, which has been 
tested by NASA, was chosen as a pattern engine to study the 
fluid mechanics and heat transfer characteristics appropriate 
for a Stirling engine expansion space. First, some parameters 
of the chosen pattern Stirling engine are introduced.  
The Pattern Stirling Cycle Engine Parameters  
Operating conditions and dimensionless parameters of 
interest for the pattern Stirling engine are listed in Table 1. 
A representative cut-away of a Stirling engine of similar 
geometry to the pattern Stirling engine is shown as Figure 1. 
Dynamic similarity is used to model the engine aerothermal 
physics while avoiding the high temperatures and high 
frequency of the real engine. A large-scale test section is 
designed and fabricated by matching the non-dimensional 
numbers: Reynolds number, Remax, and Valensi number, Va. 
The maximum Reynolds number, 1150 (see Figure 2), and 
associated Valensi number, 6650 (see Figure 3), are chosen as 
representative numbers of the pattern engine. 
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 Test Section Parameters  
D e te r mi ni ng  the  siz e  o f the  te st se c tio n  r e q uir e s  
c o nsid e r in g the  mi ni mu m me a sur a b le  ve lo c it y.  Ad o l fs o n e t  a l.  
( 2 0 02 ,  2 00 3 ,  a nd  20 0 4 )  sugge ste d  tha t t he  lo we st ve lo c it y t ha t  
c o uld  b e  a c c ur a te ly me a s ur e d  with a  ho t - wir e  is a r o und  
0 . 0 5 m/s.  T his li mita tio n a ffe c ts the  ma xi mu m siz e  t he  te st  
fa c ilit y c o uld  ha ve .  T he  te st se c tio n d e sig n p r o c e s s wa s b y 
tr ia l a nd  e r r or .  A d ia me te r  o f the  d isp la c e r  o f 2 0 3  mm  (8 
inc he s)  wa s se le c te d .  T he  r e ma i nd e r  o f t he  siz e s  o f  
c o mp o ne nt s ( T a b le  2 )  c a me  fr o m thi s se le c tio n  a nd  t he  
d yna mic  si milit ud e  r e q uir e me nts.  Fr e q ue nc y a nd  d isp la c e me nt  
c o me  b y ma tc h in g t he  V a le nsi a nd  Re yno ld s n u mb e r s.  
A mb ie n t a ir  is the  wo r kin g me d iu m o f the  te st.  
 
T a b le  1  G e ne r a l I nfo r ma tio n o f the  P a tte r n E ng ine  
W o r king fl uid  he li u m 
O p e r a ting te mp e r a tur e  8 8 8  K  
O p e r a ting p r e ss ur e  2 . 5 9  MP a  
O p e r a ting fr e q ue nc y 8 3  H z  
K ine ma tic  visc o si t y ( ν )  3 0 . 1 x1 0 -6 m 2 /s 




1 1 5 0  
 ( se e  Fig ur e  2 )  







6 6 5 0  
 ( se e  Fig ur e  3 )  
 
 
Fig ur e  1  Cut -a wa y o f a  mo d e r n Stir lin g e ngi ne  
T he  ma xi mu m d isp la c e me nt o f the  d isp la c e r ,  X max ,  a nd  
fr e q ue nc y,  f,  a r e  c o mp ute d  fr o m the  d i me nsio nle s s n u mb e r s
 
b y usi n g d displacer  o f T a b le  2 ,  a s fo llo ws: 
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Fig ur e  2  E xp a n sio n sp a c e  R e yno ld s n u mb e r  b a se d  o n m e a n  
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Equally Spaced Points in Time Over 83 Hz Engine Cycle













Fig ur e  3  E xp a nsio n sp a c e  Va le nsi nu mb e r  b a se d  o n me a n fl o w 
ve lo c it y a nd  d isp la c e r  o ute r  d ia me te r  
 
Ta b le  2 .  U M N  Te st Se c tio n D e sig n P a r a me te r s mm ( i nc h)  
Di sp l acer d i amet er 2 0 3(8 ) 
Regen erat o r I. D.   2 0 7. 9 (8 .1 8 4) 
Regen erat o r O. D.   2 5 5. 0 (1 0. 0 4) 
In n er Regen erat o r Wal l  Th i ckn es s  1 . 29 (0. 05 ) 
Ou t er Regen erat o r Wal l  Th i ckn es s  1 . 76 (0. 07 ) 
Ap p en d i x Gap  Cl earan ce  1 . 08 (0. 04 ) 
M i n i mu m Cl ear an ce Bet ween  C yl i n d er Head  
an d  Di sp l acer  4 . 87 (0. 19 2 ) 
Heat er L en gt h  7 4 .6 (2. 93 6 ) 
Heat er Ch an n el  Wi d t h  3 . 11 (0. 12 2 ) 
Heat er Ch an n el  Hei gh t  2 5 .4 (1. 0 ) 
Heat er F i n  Th i ckn ess 6 . 18 (0. 24 3 ) 
 
Experimental Facility 
B a se d  up o n the  a b o ve  the  c a lc ula tio ns,  a  te st se c ti o n,  
si mula t in g t he  e xp a nsio n sp a c e  a nd  the  a c c e p to r  r e g io n o f t he  
p a tte r n Stir li n g e n gi ne  a nd  a n  o sc illa to r y flo w ge n e r a to r  w e r e 
d e sig ne d  a nd  fa b r ic a te d .  B o th a r e  d isc usse d  b e lo w.  
Oscillatory flow generator 
A c a m me c ha ni s m ( Fi gur e  4 )  is use d  to  c r e a te sinu so id a l 
mo ve me nt.  A n e c c e ntr ic a ll y mo u nte d  r o und  p la te  o f 1 52  m m 
( 6  inc he s)  d ia me te r  r o ta te s to  p ush a no the r  r o u nd  p la te ,  whi c h 
is p la c e d  no r ma l to  t he  r o ta ti ng  c a m.  A sp r in g is  u tiliz e d  to  
ke e p  the  mo vin g p la te  a l wa ys  in to uc h wi th  the  r o ta ti n g p la te . 
Sinc e  the  ve r tic a l p la te  is a lwa ys ta nge nt to  the  r o und  p la te ,  
the  d isp la c e me nt o f the  p la te ,  whic h is he r e  d e fine d  to  b e  the  
C oole r  
R e ge ne ra t or  
He a te r s upp lie d 
by ra d io is otope s  
D is p la c e r  
P is to n 
D is p la c e r Fle xure s  
Pow e r  
P is to n  
Pow e r P is to n Fle xure s  
Line a r A lte r na to r 
Sta t io na r y M a gne ts    M oving Iro n 
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 sa me  a s t he  a xia l d ista nc e  fr o m the  c e nte r  o f the  p la te  to  the  
c e nte r  o f its r o ta tio n,  i s: 
θcos0Rx =   (1) 
T he  d ista nc e  b e t we e n  the  r o t a tin g c e n te r  a nd  t he  r o und  
p la te  c e nte r ,  R0,  is 8. 9  mm ( 0 . 3 5  inc he s) ,  whic h i s ha l f o f the  
r e q uir e d  str o ke .  
 
 
Fig ur e  4  Se tup  o f t he  c a m me c ha ni s m 
 
T he  r o ta tio n is d r ive n b y a  D C G e a r mo to r  ( D a yto n,  
M o d e l 4 Z3 8 1 A) .  T he  mo to r  is c o ntr o lle d  b y a  D C sp e e d 
c o ntr o lle r  ( D a yto n D C Sp e e d  Co ntr o l,  M o d e l 5 X 4 1 2 D ) .  T he  
c o ntr o lle r  sup p lie s a  sp e e d  r ange  o f 0 -9 6  r p m.  Fig u r e  5  sho w s  
a  p ic tur e  o f the  te st fa c i lit y.   
Flow Resistance and 3-D Flow Path 
T o mo r e  a c c ur a te l y si mu la te  the  flo wf ie ld  o f t he  r e a l 
Stir lin g e n gine ,  p r e s sur e  lo ss c o e ffic ie nt s o f  the  r e a l e n gi ne  a r e  
r e p lic a te d .  A flo w r e si sta nc e  is in se r te d  into  the  r e ge ne r a to r 
r e gio n o f the  te st se c tio n to  ma tc h the  c ha r a c te r i s tic s o f t he  
a c tua l r e ge ne r a to r  p r e ssur e  d r o p a nd  a c hie ve  the  p r o p er 
b a la nc e  b e t we e n p r e ss ur e s a nd  ine r tia l fo r c e s o f t h e  p a tt e r n 
e ngi ne .  A  he a te r  si mu la to r  is c o n str uc te d  b y sc a l in g the  
a c c e p to r  o f a n a c t ua l  e n gi ne .  T his ge ne r a te s the  3 - d i me n sio na l 
flo w e xp e c te d  in the  e n gi ne  p a th.  T he  flo w r e sista n c e  a nd  t he  
a c c e p to r  a r e  d isc usse d  i n the  f o llo wi ng se c tio n.   
 
 
Fig ur e  5  Te st fa c ilit y 
Flow resistance simulation 
T he  r e ge ne r a to r  in t he  Stir li n g  e ngi ne  i s a  p o r o us me d i u m.  
T o  d up lic a te  the  p r e ss ur e  d r o p ,  a  si mila r  p o r o us me d iu m  is  
inse r te d  i nto  t he  a n n ula r  ga p  o f the  te st se c tio n ( sho wn  in  
Fig ur e  6 ) .  T he  r e sista nc e  c a use d  b y the  p o r o us me d i u m  is 
r e p r e se nta tive  o f the  flo w r e s ista nc e  c a use d  b y a  r e ge ne r a t o r  
a nd  a  he a t e xc ha n ge r  u nit  ( c o o le r )  in the  e n gine .  A  3 M 
str ip p e r  p a d  7 2 00  ( se e  Figur e  7 )  is c ho se n fo r  this  ma tc hi ng.  I t 
o c c up ie s a ll t he  sp a c e  b e t we e n  the  t ub e s.  Se p a r a te  e xp e r i me n ts  
ve r if y a  ma tc h wi th t he  a c t ua l e ngi ne .   
 
 
Fig ur e  6  T he  se t- up  o f flo w r e sista nc e  a nd  flo w p a t h 
 
Acceptor simulator 
T he  a c c e p to r  simula to r  s ho wn  in Fi g ur e  8  wa s c o n str uc te d  
to  ge ne r a te  t he  3 -D  fe a tur e s  o f the  flo w fr o m t he  r e ge ne r a to r 
to  the  te st se c tio n.  I t is b a se d  o n the  in fo r ma t io n  in T a b le  3 . 
T he r e  a r e  7 7  d isc r e te  r e c ta ngu la r  slo ts.   
 
 




Ce nte r  o f t he  p la te  
R 0  
Ro ta tio n c e nte r  
x  
Ac c e p to r  
Si mula to r  
Re ge ne r a to r   
Si mula to r  
( Fig ur e  7 )  
D isp la c e r  
H e a d  
E xp a nsio n  
Sp a c e  
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 Experimental setup 
Setup for Flow Visualization 
T o se e  the  flo w in sid e  the  te st  se c tio n,  a  c le a r  a c r ylic  
he a d  wa s ma d e  fo r  flo w vi sua liz a tio n.  I t r e p la c e s t he  
sta in le ss ste e l he a d  use d  fo r  t he  ve lo c it y a nd  he a t  tr a n sfe r  
me a s ur e me nt s.  Fig ur e  9  sho ws t he  se t up  fo r  the  flo w  
vis ua liz a t io n te st.  S mo ke  i s fe d  to  the  ne a r  o ute r - wa ll  
r e gio n o f t he  he a d  t hr o ug h a  t hin,  b e n t tub e  wh ic h p a s se s  
thr o u gh the  r e ge ne r a to r  s i mula to r  ( p o r o us in se r t) .  T he  
s mo ke  is fe d  d ir e c tl y to  t he  r e gio n to  b e  o b se r ve d .  O t he r  
me a n s o f fe e d in g s mo ke  we r e  tr ie d  a nd  t he  se t up  
d e sc r ib e d  wa s se le c te d .  A la s e r  b e a m is sh ine d  t hr o u gh  a  
gla s s r o d  to  ma ke  a  li ght  s he e t to  illu mi na te  t he  a r e a  o f  
inte r e st.  
 
Fig ur e  8  Ac c e p to r  si mula to r  
A d igita l c a mc o r d e r  is use d  to  r e c or d the  uns te a d y 
flo wf ie ld .  B o th v id e o  a nd  fr a me s sa ve d  a s s till p ic t ur e s  
we r e  fo u nd  to  b e  use f ul f o r  visua liz i ng the  flo w a t  
d iffe r e nt ti me s wi thi n t he  c yc l e .   
I n the  mo vie s  a nd  still s,  θ is use d  a s  the  va lue  o f t he  
a ngle  t ha t t he  s ho r t a xis o f the  c a m ( e c c e ntr ic  c ir c ula r  
p la te )  ma ke s wi th the  ho r iz o nta l l ine  ( se e  Fi g ur e  4 ) .  T he  
ga p  b e t we e n  the  he a d  a nd  t he  d isp la c e r  is mi ni mu m w he n  
θ =  0 °.  
 
Ta b le  3  D ime ns io ns o f a c c e p to r  si mula to r,  units : mm  ( i nc h)  
Ou t er 
Di a met er 
2 4 3. 08 (9. 5 7) 
In n er 
Di a met er 
2 0 6. 88 (8. 1 45 ) 
Len gt h  7 4 .6 (2. 93 6 ) 
S l o t  wi d th  3 . 11 (0. 12 2 ) 
S l o t  h ei gh t  1 7 .9 7 (0 .7 0 75 ) 
Fin wid t h 6 . 1 8 (0 . 24 3 )  
 
 
Fig ur e  9  Se tup  o f flo w vi sua li z a tio n 
 
Setup for Velocity Measurements 
O f i nte r e st is t he  u n ste a d y flo w fie ld  b e t we e n t he  
d isp la c e r  a nd  t he  i nsid e  sur f a c e  o f t he  he a d ,  inc l u d i ng  t he  
b o und a r y la ye r  o n t he  in sid e  sur fa c e  o f the  he a d .  B e c a use  o f  
the  mo ve me nt o f  the  d isp la c e r ,  the  siz e  o f t hi s sp a c e  is 
c ha n gi ng.  M e a s ur e me nts c a n  b e  ta ke n o nl y in  the  he a d - t o -
d isp la c e r  sp a c e  a va ila b le  a t θ =  0 °.   
A s c a n b e  se e n in Fig ur e  6 ,  the  me a sur e me n t sp a c e  i s a  
fu ll y c lo se d  r e gio n.  T hu s,  e i ght ho le s a r e  d r ille d  fo r  p r o b e 
a c c e ss.  A g uid in g s yste m wa s d e ve lo p e d  fo r  p o sitio n in g t he  
ho t wir e  p r o b e .  T he  flo w is no mi na ll y a x is ym me tr ic  ( a si d e  
fr o m the  f ine -sc a le  c ir c u mf e r e ntia l va r ia tio n s d ue  to  the  
fe a t ur e s o f the  a c c e p to r  si mul a to r ) .  T hus,  to  r e d uc e  inte r a c tio n 
o f the  ho le s  wit h t he  flo wf ie ld ,  me a s ur in g sta tio n s  a r e  
d istr ib ute d  a t va r io us c ir c u m fe r e ntia l p o sitio ns,  a s sho wn  in 
Fig ur e  1 0 .   
T he  ve lo c it y is me a sur e d  a t p 1  thr o ug h p 7  ( se e  Figu r e  1 0 
a nd  T ab le  4) .  For  e a c h me a sur i ng sta t io n,  the r e  a r e  2 5 
me a s ur e me nt p o sitio n s no r ma l to  the  he a d  wa ll s ur fa c e  fo r  p 1  
–  p 5 ,  2 3  fo r  p 6 ,  a nd  2 2 fo r  p 7 .  Fo r  e a c h p o sitio n,  
me a s ur e me nt s a r e  ta ke n fo r  1 5 0 c yc le s,  a nd  the n e n s e mb le -
a ve r a ge d  ve lo c itie s a r e  c a lc ula te d .  
Setup of Temperature Measurement 
T he  the r ma l fie ld  i n t he  r e a l  e ng ine  is c o mp lic a te d  a nd  
c a nno t b e  d up lic a te d  in t he  c ur r e nt te s t se c tio n.  T he  o bj e c tive  
o f the  p r e se nt the r ma l st ud y i s to  me a s ur e  the  c o nv e c ti ve  h e a t 
tr a ns fe r  c o e ffic ie nt d istr ib uti o n o n the  in sid e  sur fa c e  o f the  
he a d .  T he  c o nve c ti ve  he a t tr a ns fe r  c o e f fic ie nt is d e te r min e d  
p r e d o mina ntl y b y t he  fl uid  d yna mic s,  in t his h ig hl y  a gita t e d 
flo w a nd  is e xp e c te d  to  b e  onl y we a kl y a f fe c te d  b y the r ma l  
b o und a r y c o nd itio n s.   
Fig ur e  1 1  sho ws the  t he r ma l se tup  o f the  te st se c ti o n.  A  
he a ti ng  e le me nt,  C hr o ma lo x H SP -2 . 7 5 ,  is gl ue d  o n  th e  c e nte r  
o f the  he a d  b y usi n g a n e p o x y  o f go o d  c o nd uc tivit y.  T he  in p ut 
vo lta ge  o f the  he a t in g e le me nt  is se t to  2 0 AC vo lt s.  A c o p pe r  
tub e ,  6 . 3 5  mm ( ¼  inc h)  O . D . ,  is wr a p p e d  o n the  o ute r  s ur fa c e  
o f the  he a d  whe r e  the  a c c e p to r  si mula to r  is lo c a te d  insid e  a nd  
glue d  u sin g e p o x y fo r  go o d  c onta c t wit h the  he a d  su r fa c e .  Ci t y 
wa te r  flo ws t ho u gh t he  c o p p e r  tub e .  Co nta c t b e t we e n  t he  
a c c e p to r  simula to r  a nd  t he  insid e  s ur fa c e  o f the  he a d  is  
e nha nc e d  b y u sin g wo o d s me t a l.  T he  wo o d s me ta l is h e a te d  to  
liq uid  a nd  t he n p ut in t he  ga p  b e t we e n  the  a c c e p to r  a nd  t he  









Si d e - vi ew o f t h e set up   
Front-view of the setup 
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 he a t tr a ns fe r  fr o m the  a c c e p t o r  si mula to r  to  the  c o ld  tub e  is 
e ffe c tive .  W he n t he  i nte r na l a ir  flo w p a sse s  t hr o ug h t he  
a c c e p to r  si mu la to r ,  it is c o o le d  uni fo r ml y b e c a use  t he  a c c e p to r 
si mula to r  a c ts a s a n e f fe c ti ve  he a t e xc ha n ge r .  T he  e ntir e  he a d 
is the n wr a p p e d  usin g in s u la tio n ma te r ia l to  r e d uc e  he a t 
tr a ns fe r  to  the  a mb ie nt.  Fi gur e  1 2  sho ws t he  wa ll t e mp e r a t ur e s 
a t the  va r io us me a s ur in g sta tio ns wit h t he  c ur r e n t se t up .   
 
T a b le  4  M e a sur ing sta tio n lo c a tio ns 
 M e a sur i ng  
 Sta tio ns 
 S mm 
( inc h)  
 θ  R mm 
( inc h)  
 P 0   1 4 . 1  
 ( 0 . 55 6 )  
 0 ˚   1 2 4  
 ( 4 . 87 )  
 P 1   1 7 . 2   
( 0 . 6 78 )  
 5 ˚   1 2 2  
 ( 4 . 81 )  
 P 2   2 7 . 7   
( 1 . 0 9)  
 1 0 ˚   1 1 4  
( 4 . 5 0)  
 P 3   3 4 . 7  
 ( 1 . 37 )  
 2 0 ˚   1 0 6  
 ( 4 . 19 )  
 P 4   4 3 . 7  
 ( 1 . 72 )  
 3 0 ˚   9 2 . 1  
 ( 3 . 62 )  
 P 5   4 8 . 9  
 ( 1 . 93 )  
 4 0 ˚   8 1 . 0  
 ( 3 . 19 )  
 P 6   4 3 . 7  
 ( 1 . 72 )  
 5 0 ˚   6 6 . 7  
 ( 2 . 62 )  
 P 7   5 7 . 8  
 ( 2 . 28 )  
 6 0 ˚   5 2 . 4  
 ( 2 . 06 )  
 
 
Fig ur e  1 0  Lo c a tio ns o f me a sur ing sta tio ns 
 
T he  a c c e ss s ys te m a nd  me a sur i ng sta tio n s u se d  fo r  
ve lo c it y me a s ur e me nt s a r e  use d  a lso  in the  te mp e r a t u r e  
me a s ur e me nt s.  Sta tio n P 0  is use d  fo r  mo nito r in g  the  
te mp e r a tur e  in the  c e nte r  o f a n a c c e p to r  slo t a nd  v e r y ne a r  the  
p la ne  o f  the  a c c e p to r  whi c h i s ne a r e st t he  he a d .  T h is  
te mp e r a tur e  is use d  a s a  r e fe r e nc e  te mp e r a tur e .  Fo r  e a c h  
p o sitio n,  the  me a s ur e me n ts a r e  ta ke n fo r  2 0 0  c yc le s  t h e n 
e nse mb le -a ve r a ge d  te mp e r a tu r e  p r o file s a r e  c a lc ula t e d .  
 
RESULTS 
Results of the flow visualization study 
T he  p ur p o se  o f the  flo w vis ua liz a tio n is to  ha ve  a  ge ne r a l  
se n se  o f the  flo w f ie ld  b e fo r e  the  d e ta ile d  me a s ur e me nt s a r e  
ta ke n.  T he  me a s ur e me nt s a r e  p la nne d  a c c o r d ingl y.  A s  
d isc us se d ,  the  me a sur e me n ts a r e  ta ke n a ss u mi ng t ha t  the  fl o w 
is t wo -d i me n sio na l.  Flo w vi s ua liz a tio n is a b le  to  s ho w 2 -D  o r 
3 -D  flo w fe a t ur e s wh ic h mi ght no t b e  e a sil y id e nti f ie d  b y 
lo o kin g a t t he  me a s ur e me n t r e sult s o nl y.  Al so  the  f l o w 
d ir e c tio n,  whic h c a nno t b e  me a s ur e d  b y a  si n gle  ho t - w ir e  
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Fig ur e  1 2  T he  wa ll te mp e r a t ur e  d istr ib utio n 
 
I n ge ne r a l,  the  flo w fie ld  i s a x is ym me tr ic  a nd  is g e ne r a te d  
b y t he  si nu so id a l mo ve me nt o f the  d isp la c e r.  I n the  e x ha ust  
ha l f c yc le ,  the  d isp la c e r  p us he s the  a ir  to wa r d  the  he a d  a nd  o ut 
the  a c c e p to r.  T he  flo w is i mp i nge d  up o n t he  he a d  s u r fa c e  a nd  
the n  t ur ns  a nd  flo ws  o u t o f  the  te st se c tio n  a lo n g t he  he a d 
c ur ve d  sur fa c e .  I n the  d r a wi n g ha l f c yc le ,  the  d isp la c e r  mo ve s  
a wa y fr o m the  he a d  a nd  the  a ir  is d r a wn i nto  t he  te st se c t io n 
thr o u gh t he  a c c e p to r.  T he  a ir  flo ws i n a lo n g the  he a d  s ur fa c e  
fir st a nd  t he n  tur ns to wa r d  t h e  a xia l d ir e c tio n a nd  fo llo ws the  
mo ve me nt o f t he  d isp la c e r.  
B y wa tc hi n g the  flo w vis ua l iz a tio n vid e o s,  we  o b se r ve  
tha t a  vo r te x ( visib le  in Fi gur e  1 3)  is ge ne r a te d  j ust to  the  le ft  
( in t he  p ic tur e )  o f whe r e  t h e  a c c e p to r  p la ne  ( o p po s ite  t he  
r e ge ne r a to r )  r e sid e s.  T his fr a me  wa s ta ke n a t  a b o ut  t he  e n d  o f  
the  e x ha u st p a r t o f the  c yc le  ( θ =  3 6 0 °) o r a b o ut whe n t he  
d isp la c e r  to p  is ne a r e s t t he  e ngi ne  he a d .  T he  vo r te x  d r ive s  
flo w ne a r  the  a c c e p to r  to wa r d  the  d isp la c e r .  I t i s ge ne r a te d  b y 
the  p r e ss ur e  fie ld  e s ta b lis he d  d ur in g the  e x ha u st h a l f -c yc le  b y 
the  o p p o sing mo ve me nt s o f t h e  b ulk flo w ( up p e r  r e gi o n i n t he  
P 0  
P 1  
P 2  
P 3  
P 4  
P 5  
P 6  
P 7  
Co o lin g T ub e  
H e a tin g E le me nt  
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 p ic tur e )  a nd  the  flo w ne a r  the  d isp la c e r .  T he  flo wf ie ld  is n o n-
uni fo r m i n t he  k n uc k le  r e gio n wh e r e  t he  he a d  wa ll c ur va t ur e  is 
str o nge st.  T he  flo w ne a r  the  h e a d  insid e  sur fa c e  ( u p p e r  p a r t o f 
the  p ic t ur e )  ha s hig h ve lo c iti e s wh ile  t he  flo w c lo se  to  t he  
d isp la c e r  wa ll ( lo we r  p a r t o f the  p ic tur e )  ha s lo we r  ve lo c iti e s.  
T he  flo w i m me d ia te l y a d j a c e nt to  t he  he a d  in ne r  wa l l  is sl o w 
a nd  se e ms  to  b e  se p a r a te d .  At the  e nd  o f  the  e x ha us t  p o r tio n o f 
the  c yc le ,  t he  s tr a ig ht wa ll o f  the  d isp la c e r  e xte n d s b e yo nd  t he  
shr o ud  a nd  c r e a te s a  mo vi ng wa ll.  T he  mo vi n g wa ll d r a gs the  
ne a r -b y f lo w in the  o p p o site  d ir e c tio n to  the  b ulk flo w.  T his  
fl uid  mo tio n mig ht b e  e xp e c t e d  to  r e sult in no n -u ni fo r m fl o w 
into  t he  a c c e p to r .  W he n  t he  d isp la c e r  r e ve r se s d ir e c tio n a nd  
the  d r a wi n g p o r tio n o f the  c yc le  b e gin s,  the  vo r te x  d issip a te s .  
 
Fig ur e  1 3  Flo w 
vis ua liz a t io n i n the  sp a c e  
b e t we e n the  d isp la c e r  








Results of Velocity Measurements  
Ve lo c it y me a sur e me n ts s ho w t ha t the  flo wfie ld  ha s a  thic k  
se p a r a tio n r e gio n o n t he  e ntir e  he a d  sur fa c e  d ur i ng  t he  wh o le  
c yc le .  Fo r  the  d r a win g ha l f  c yc le ,  t he  se p a r a tio n r e gio n  is 
c a use d  b y t he  flo w mo vi n g a wa y fr o m t he  he a d  d ue  to  t he  
d isp la c e r  mo tio n.  Se p a r a tio n  d ur in g t he  e xha us t ha l f c yc le  w a s 
o b se r ve d  a lso  b y G ila r d  a nd  B r iz z i ( 20 0 5) .  T he y w e r e 
inve sti ga ti n g the  slo t j e t imp i ngi n g o n a  c o nc a ve  c ur ve d  wa ll.  
W he n t he y r e d uc e d  the  r a tio  o f t he  c ur va tur e  d ia me t e r  a nd  t he  
slo t d ia me te r,  a  “d e a d  fl uid ”  r e gio n wa s fo u nd  in t he  r e gi o n  
ne a r  the  c ur ve d  wa ll c e nte r.  T he  flo w wa s fo r c e d  to  tu r n 
wit ho ut fo llo win g t he  wa ll.  I t is fe lt t ha t t he  se p a r a tio n z o ne  is  
c a use d  b y lo c a l flo w d e c e le r a tio n a sso c ia te d  wit h t he  
intr o d uc tio n  o f c o nc a ve  c ur va t ur e .  T his lo c a l sp a ti a l  
d e c e le r a tio n d ue  to  c ur va t ur e  is p r e se nt  r e ga r d le ss  o f fl o w 
d ir e c tio n.  T hus,  se p a r a tio n is o b se r ve d  d ur ing b o th  t he  e x ha ust  
p o r tio n o f the  c yc le  a nd  the  d r a wi n g p o r tio n o f the  c yc le .  
T he  thic kne ss o f the  se p a r a tio n r e gio n c ha n ge s d ur i n g the  
c yc le ,  ho we ve r .  W he n t he  fr e e -str e a m ve lo c it y i s la r ge ,  t he  
se p a r a tio n th ic k ne s s is s ma l le r  a nd  whe n t he  fr e e - s tr e a m  
ve lo c it y i s s ma ll,  t he  se p a r a tio n z o ne  is t hic ke r .  Al so ,  the  
se p a r a tio n z o ne  is thic ke r  d u r ing the  e x ha ust p o r ti o n o f the  
c yc le  ( 1 8 0 ° <  θ < 3 6 0 °)  tha n d ur in g t he  d r a wi ng  p o r tio n o f t he  
c yc le  ( 0 ° <  θ  < 1 8 0 °) .  T his c a n  b e  se e n i n t he  ve lo c it y tr a c e s o f 
Fig ur e  1 4 .  N o te  tha t the  hi g h- ve lo c it y r e gio n a t θ = 9 0 ° is 
ne a r e r  to  the  wa ll t ha n the  h igh - ve lo c it y r e gio n a t  θ = 2 7 0 °.  
T his is ge ne r a ll y tr ue  fo r  a ll me a s ur e me nt sta tio ns .  T he  
se p a r a tio n thic k ne ss i s la r ge r  a t sta tio n p 7  ( ne a r e r  the  to p  o f 
the  he a d )  tha n a t sta tio n p 1  ( n e a r e r  the  a c c e p to r ) .  
I n Fi gur e  1 4 ,  a nd  o the r s,  we  c a n se e  hig h - fr e q ue nc y  
ve lo c it y c ha n ge s,  e . g.  7 0 ° <  θ <  1 40 °.  T his is no t inhe r e nt  in 
the  e n gine  flo w b ut a  p r od uc t o f the  ge a r  to o th ge o me tr y i n t he  
d r ive  me c ha nis m o f t he  te st fa c ilit y.  T he  d r ive n ge a r  r o ta tio na l 
sp e e d  is no t p r e c ise ly c o nsta nt,  tho u g h the  d r ivin g  ge a r  is.  
T his is d o ne  b y the  ge a r  tr a in d e sig ne r  to  r e d uc e  t oo th str e ss e s.  
I t is a n una ttr a c ti ve  fe a t ur e  o f thi s te st.  T he  o ve r a ll e ffe c t  is 
c o nsid e r e d  to  b e  ne gligib le ,  h o we ve r .  
 
Fig ur e  1 4  Ve lo c ity ( m/ s)  v s.  p ha se  a ngle  a t  P 2  
Fig ur e  1 5  V e lo c it y ( m/ s)  vs.  p ha se  a ngle  a t P 3  
 
I n the  d r a wi n g ha l f c yc le ,  t he  d isp la c e r  mo ve s b a c k  fr o m 
the  he a d .  T he  flo w i s d r a wn  into  t he  te st se c tio n.  T he  fl o w 
e xits fr o m the  a c c e p to r  d isc r e te  slo ts a s a  se r ie s o f j e ts (se e  
Fig ur e  1 6 a ) .  B e twe e n the  s lo ts o f the  a c c e p to r ,  the  fl o w 
ve lo c it y i n the  te st se c tio n i s s ma l l.  T hus,  d ur in g  the  d r a wi ng  
ha l f c yc le ,  t he  flo w is no n - uni fo r m ne a r  the  a c c e p t o r  p la ne  e xit.  
D ur in g the  e x ha ust ha lf c yc le ,  the  flo w i s b lo wn o u t o f the  t e st 
se c tio n.  T he  ve lo c it y is ve r y uni fo r m u ntil i t r e a c he s t he  s l o ts 
o f the  a c c e p to r .  T he n the  flo w  a c c e le r a te s i nto  the  slo t s.  T hus,  
d ur in g t he  e xha us t ha lf  c yc le ,  the  flo w i s mo r e  u ni fo r m,  b ut  
ha s lo we r  ve lo c itie s.  T his e x p la ins wh y t he  ve lo c it ie s i n the  
me a s ur e me nt z o ne  d ur in g t h e  fir st ha l f c yc le  ge ne r a ll y a r e  
la r ge r  tha n t he  ve lo c itie s d u r ing t he  se c o nd  ha lf c yc le  f o r 
me a s ur in g s ta tio n s ne a r  t he  a c c e p to r  ( se e  Figur e s 1 4  a nd  1 5 ).  
A no the r  i nte r e s tin g fe a t ur e  c a p tur e d  b y the  me a s ur e me nts  
is t ha t t he  p e a k ve lo c it y r e gio n o f  t he  d r a win g ha l f c yc le  ( 0 ° <  
θ < 1 8 0 °)  mo ve s.  At p 1  ( Fig ur e  1 7 ) ,  the  p e a k ve lo c it y is sh o wn  
in t he  p e r io d  o f 6 0 ° <  θ < 1 10 ° in ti me  a nd  1  mm  a wa y fr o m 
the  wa ll wh ile  a t p 2  ( Fig ur e  1 4 ) ,  the  c e nte r  o f the  p e a k  
ve lo c it y r e gio n mo ve s to  θ = 1 0 0 °.  T he mo ve me nt o f the  p e a k  
 Fi gu re 1  V e l o ci t y (m / s ) v s . p h as e an gl e at  P 3  
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 ve lo c it y r e gio n is mo r e  o b vio us a t p 3  ( Figur e  1 5 ) . T he  c e nte r 
o f the  p e a k ve lo c it y r e gio n is  a t θ =  1 2 5 ° a nd  1 . 5  mm  a w a y 
fr o m t he  wa ll.  T he  mo ve me nt o f t he  p e a k  ve lo c it y r e gi o n 
su gge sts c o n ve c tio n o f flo w fe a tur e s suc h a s t he  vo r te x 
me n tio ne d  in t he  flo w vi sua l i z a tio n se c tio n o f thi s  p a p e r .  T his  
vo r te x wa s o b se r ve d  to  b e  un ste a d y.  T he  sin gle  ho t - wir e  
se n so r  c a n r e c o r d  o nly t he  ve l o c it y ma g nit ud e .  
Fig ur e  1 6  T he  flo w p a tte r n s a t d iffe r e nt p a r ts o f t he  c yc le  ( a )  
J e ts flo w d ur i n g t he  d r a win g  ha l f c yc le  ( b )  A  si n k f lo w is 
o b se r ve d  d ur ing t he  e x ha ust h a lf c yc le  
 
Results of Temperature and Heat Transfer Coefficients 
Measurements  
T he  o bj e c tive  o f t he  the r ma l me a s ur e me nt  p r o gr a m i s  to  
d e te r mine  the  c o nve c t ive  he a t  tr a ns fe r  c o e f fic ie nt s .  E n se mb le -
a ve r a ge d  te mp e r a tur e  p r o file s a r e  p r e se nte d  in this  se c ti o n.  
U sin g t he  te mp e r a tur e  p r o file s,  he a t fl u x,  he a t tr a n s fe r  
c o e ffic ie nt s,  a nd  Sta nto n nu m b e r s a r e  c o mp ute d .  
 
 
Fig ur e  1 7  V e lo c it y ( m/ s)  vs.  p ha se  a ngle  a t P 1  
 
B o th the  the r mo c o up le  p r o b e  a nd  the  c o ld - wir e  p r o b e  a r e 
use d  fo r  te mp e r a tur e  me a s ur e me n ts.  H o we ve r ,  b e c a use  o f t he  
lo w ve lo c it ie s,  the  r e sp o n se  o f the  the r mo c o up le  is  no t f a st  
e no u gh to  c a p tur e  t he  te mp e r a tur e  c ha nge s i n the  fl o w,  wh ic h  
ha s a n o sc illa tio n fr e q ue nc y o f a b o ut 1 . 6  Hz.  T he  onl y 
the r mo c o up le  me a sur e me nts use d  a r e  t ho se  ta ke n  ne a r  t he  
wa ll.  T he y he lp  d e te r mi ne  t he  he a t fl u x.  T his wil l b e  d isc uss e d  
la te r  in the  se c tio n.  
 
Results of the temperature measurements 
T he  te mp e r a tur e  p r o file s a r e  use d  a lso  to  he lp  st ud y t he  
fl uid  d yna mic s,  fo r  the  the r ma l si gna l a c ts a s a  tr a c e r .  T he 
the r ma l si gna tur e  mo ve me nt c a n b e  c o r r e la te d  with t he  sa me  
fe a t ur e s a f fe c ti n g the  ve lo c it y me a s ur e me nts.  D ur in g t he  
d r a win g ha l f c yc le ,  o ne  wo ul d  e xp e c t tha t t he  c o ld  flo w fr o m 
the  a c c e p to r  c o me s i nto  t he  t e st se c t io n a nd  t he  te mp e r a tu r e  
d r o p s.  B ut,  a t p 1 ,  p 2 ,  a nd  p3,  the  flo w te mp e r a t ur e  is hig he r  
tha n  the  wa ll te mp e r a tur e  ( se e  Fig ur e s 1 8 ,  1 9 ,  a nd  2 0 ) .  T his  
me a n s t ha t so me  o f t he  he a te d  flo w r e ma i ns i n t he  t e st se c ti o n 
d ur in g the  e xha us t ha l f c yc le .  Re c a ll the  vo r te x s h o wn i n t he  
flo w vi sua l iz a tio n a nd  tha t thi s vo r te x o c c ur s i n t he  r e gio n o f  
p 1 .  I n the  e x ha u st ha l f c yc le ,  the  flo w is ge ne r a l l y he a te d  a nd  
p ushe d  o ut o f t he  te st se c tio n.  T he  flo w te mp e r a t ur e s a t p 1  and  
p 2  r ise  ( se e  Figur e s 1 8  a nd  1 9) .  D ur ing the  e xha ust  ha lf c yc le , 
the  flo w te mp e r a tur e s i n t he  f r e e -str e a m a t p 3 ,  p4 ,  p5 ,  p6 ,  and  
p 7  d e c r e a se  ( se e  Figur e s 2 0 -2 4 ) .  T ha t is b e c a use  o f  h e a t 
tr a ns fe r  wit h the  d isp la c e r .  T he  flo w,  c o o le d  b y t h e  d isp la c e r , 
is p a ssi ng b y the  p r o b e .  
I n ge ne r a l,  the  the r ma l b o u nd a r y la ye r  ne a r  the  c e n te r  o f  
the  he a d  a t p 4 ,  p 5,  p6 ,  a nd  p 7  is thic ke r  tha n tha t  ne a r  the  
kn uc kle  r e gio n a t p 1 ,  p 2 , and  p 3 , whic h a gr e e s wit h  the  
mo me nt u m b o u nd a r y la ye r  thic kne ss e va lua t io ns fr o m t he  
ve lo c it y me a sur e me n ts.   
 
 
Fig ur e  1 8  T e mp e r a tur e  ( ° C)  v s.  p ha se  a n gle  a nd  d ista nc e  fr o m 
the  wa ll,  y a t P 1  
 
 
Fig ur e  1 9  T e mp e r a tur e  ( ° C)  v s.  p ha se  a n gle  a nd  d ista nc e  fr o m 
the  wa ll,  y a t P 2  
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Fig ur e  2 0  T e mp e r a tur e  ( ° C)  v s.  p ha se  a n gle  a nd  d ista nc e  fr o m 
the  wa ll,  y a t P 3  
 
 
Fig ur e  2 1  Te mp e r a tur e  ( °C)  v s.  p ha se  a n gle  a nd  d ista nc e  fr o m 
the  wa ll,  y a t P 4  
 
Fig ur e  2 2  T e mp e r a t ur e  ( °C)  v s.  p ha se  a n gle  a nd  d ista nc e  fr o m 
the  wa ll,  y a t P 5  
 
Fig ur e  2 3  T e mp e r a t ur e  ( °C)  v s.  p ha se  a n gle  a nd  d ista nc e  fr o m 
the  wa ll,  y a t P 6  
 
Fig ur e  2 4  Te mp e r a tur e  ( °C)  v s.  p ha se  a n gle  a nd  d ista nc e  fr o m 
the  wa ll,  y a t P 7  
 
Results of heat transfer coefficient measurements 
T he  he a t tr a ns fe r  c o e f fic ie nt,  h,  is  t he  ke y p a r a me te r  to  b e 
e va lua te d .  I t is a ss u me d  tha t  it is p r i ma r il y d e p e n d e nt o n t he  
fl uid  me c ha nic s a nd  o nl y se c o nd a r il y d e p e nd e nt o n t he  
the r ma l b o und a r y c o nd itio ns.  T his a ss u mp t io n wi ll  b e 
d isc us se d  mo r e  tho r o ughl y b e lo w.  T his is e xp e c te d  f o r  we ll-
mi xe d  flo ws.  T he r e  ar e  q ue stio ns a b o ut the  r o b ustne s s o f this  
a ss u mp tio n in se p a r a te d  flo ws .  W ithin t he  se p a r a tio n z o ne ,  we  
mu st b e  c o nte nt to  j ust sta te  t ha t he a t tr a ns fe r  c o e f fic ie nt,  h ,  is  
ve r y lo w.   
M e a sur e me n ts o f the  he a t tr a ns fe r  c o e ffic ie nt s a r e  b a se d 
o n the  fa c t t ha t t he r e  is a  c o n d uc tio n r e g io n ne a r  t he  wa ll,  the  
inne r  p a r t o f t he  b o und a r y la y e r  ( c a lle d  the  c o nd uc tio n la ye r ) , 
wh e r e  the  flo w ve lo c it y is lo w  a nd  wa ll -no r ma l tr a n sp o r t is b y 
mo le c ula r  c o nd uc tio n o n l y.  T he  te mp e r a tur e  p r o file  ne a r  t he  
wa ll r e g io n is c a r e f ull y me a su r e d  wit h h ig h sp a tia l  r e so lut io n.  
T he  slo p e  o f the  li ne a r  gr a d ie nt o f the  te mp e r a tur e  i n t he  ne a r -
wa ll r e gio n is use d  to  c a lc ul a te d  the  he a t fl u x b y us in g t he  
fo llo win g e q ua t io n: 
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 dy
dTkq −=&  (2) 
T hr o ugh t he  me a s ur e d  te mp e r a tur e  p r o file ,  we  c a n ge t  the  
wa ll  te mp e r a t ur e  a nd  the  fr e e - str e a m f lo w te mp e r a t u r e . 

















Fig ur e  2 5  Sc he ma tic  o f t he  se t up  fo r  the  t he r mo c o up le  
me a s ur e me nt s 
 
Heat flux 
A t he r mo c o up le  p r o b e  wa s t h e  fir st t he r ma l p r o b e  us e d  in  
this st ud y.  Fi gur e  2 5  sho ws the  sc he ma tic  o f t he  se t up  w ith  
this  p r o b e .  T he  p r ob e  is d r a wn  to wa r d  t he  wa l l unt i l t he  tip  
to uc he s the  wa ll.  T he n the  p r o b e  is tr a ve r se d  a wa y fr o m t he  
wa ll wit h ve r y s ma ll ste p s.  E l e c tr ic a l c o ntin uit y w it h t he  w a ll 
is u se d  to  d e te r mi ne  wh e n t h e  the r mo c o up le  tip  d e p a r ts fr o m 
the  wa ll.  T he  wa ll lo c a tio n u n c e r ta int y is 5 0  µ m.  
M e a sur e me n ts fr o m t his  the r mo c o up le  p r o b e  o f 
te mp e r a tur e  p r o file s i n t he  n e a r - wa ll r e gio n a r e  su f fic ie nt l y 
a c c ur a te  fo r  p r o c e ssin g o f he a t fl ux.  H o we ve r ,  it i s fo und  t h a t 
the  ti me  c o n sta nt o f the  the r mo c o up le  p r o b e is to o  lar ge ; it 
c a nno t c a p t ur e  the  te mp e r a t ur e  c ha n ge  i n the  fr e e -s tr e a m 
wh ic h ha s si g ni fic a n t a mp li tu d e  o f c ha n ge  wi th a  fr e q ue nc y o f  
mo r e  t ha n 2  Hz.  T his b r in gs u p  the  p r o b le m o f c a lc ula t in g t he  
he a t tr a ns fe r  c o e ffic ie nt s,  wh ic h r e q uir e s the  fr e e - str e a m 
te mp e r a tur e  va l ue s.  I ns te a d  o f the  the r mo c o up le  p r o b e , a  co ld -
wir e  p r o b e  is sub stitu te d .  T he  c o ld - wir e  p r o b e  is a  ho t- wir e  
p r o b e  o p e r a ted  a s a  r e sista nc e  te mp e r a tur e  d e te c to r .  D a ta  fr o m 
the  tr a ve r si n g c o ld - wir e  p r ob e  we r e  fo und  to  b e  use fu l fo r  
c o mp uti ng a ll c o mp o ne nts o f  the  he a t tr a ns fe r  c o e f f ic ie nt s  in 
the  th ic k b o u nd a r y la ye r s.  T he  the r mo c o up le  me a sur e me nts  
ne a r  the  wa ll a r e  use d  o nl y to  he lp  d e te r mi ne  the  l i n e a r 
te mp e r a tur e  gr a d ie nts i n the  n e a r - wa ll r e gio n b y c o mp a r in g  to 
the  c o ld - wir e  me a s ur e me nt s.   
Fig ur e  2 6  sho ws t he  e ns e mb le -a ve r a ge d  he a t flu x  
d istr ib utio n s o n the  wa ll s ur f a c e  d ur ing t he  c yc le .  T he  he a t 
fl ux is se t to  b e  p o sitive  if the  he a t tr a nsfe r  is fr o m t he  flo w  to 
the  wa ll; it i s ne ga ti ve  if t he  he a t tr a n sfe r  is fr o m t he  wa ll  to 
the  flo w.  At  p 1 ,  p 2 ,  a nd  p 3 ,  the  he a t tr a ns fe r  is  f r o m t he  fl o w 
to  the  wa ll i n the  p e r io d s o f 0 ° <  θ <  50 ° a nd  2 50 ° <  θ <  3 60 °.  
D ur in g the  r e st o f the  c yc le ,  the  he a t tr a ns fe r  is fr o m the  w a ll 
to  the  flo w.  At p 4 ,  p 5 ,  p 6 ,  a nd  p 7 ,  the  he a t  tr a n sf e r  is fr o m t he  
wa ll to  the  flo w d ur i n g th e  e ntir e  c yc le .  T he  ma xi m u m 
ma g nit ud e  o f  he a t fl u x a p p e a r s a t p 7 .  I n ge ne r a l,  t he  he a t fl ux  
d r o p s fr o m p 7  to  p 1 ,  whic h  a gr e e s wit h t he  t he r ma l  se t up .  
H o we ve r ,  a t p 2 ,  in t he  p e r io d s o f 7 5 ° <  θ <  1 7 5 ° a nd  2 7 5 ° <  θ 
<  3 4 0 °,  the  he a t flu x is la r ge r  tha n a t p 1  a nd  p 3 . T ha t i s 
b e c a use  p 2  is a  lo c a tio n o f str o ng wa ll c ur va t ur e .   
 
Adiabatic wall temperature 
T o  c a lc ula te  he a t tr a ns fe r  c o e f fic ie n ts b y usi n g E q n.  ( 3 ) ,  
we  mu st d e te r mine  t he  wa ll te mp e r a tur e  a nd  t he  fr e e -s tr e a m 
te mp e r a tur e  ( o r  si nk  te m p e r a tur e )  fr o m t he  me a s u r e d  
te mp e r a tur e  p r o file s.  T he  wa ll te mp e r a t ur e  is  c o nsi ste nt a nd  
o b vio us fr o m t he  me a s ur e me nts.  W e  u se  t he  te mp e r a t u r e  a t 
fir st p o i nt ( ne a r e s t to  the  wa l l)  a s the  wa ll te mp e r a tur e .  T his  
a gr e e s wit h va l ue s fr o m e mb e d d e d  the r mo c o up le s.  
 
 
Fig ur e  2 6  E nse mb le  a ve r a ge d  he a t fl ux ( W / m 2 )  ( D a s he d  line  
sho ws t he  me a s ur in g sta tio n l o c a tio ns)  
 
T he  sin k te mp e r a t ur e  ( fr e e - str e a m te mp e r a tur e )  i s n o t  
e a s y to  d e te r mi ne  d ue  to  the  c ur ve d  sur fa c e  a nd  mi x i ng o f 
flo w.  Fi g ur e  2 7  sho ws  t he  te m p e r a tur e  p r o file  a t θ  = 3 2 8 ° o f p 3 , 
a s a n e xa mp le .  T he  fr e e -s tr e a m te mp e r a t ur e  p r o file  is no t  
uni fo r m a t th is ti me .  T he  flo w c lo se r  to  the  wa ll h a s a  hig he r  
te mp e r a tur e  tha n the  flo w fa r  a wa y fr o m t he  wa ll.  I t is o b vio us  
tha t the  te mp e r a tur e  d if fe r e nc e  b e t we e n t he  wa ll a n d  the  fl o w 
a d j a c e nt o f the  t he r ma l b o u n d a r y la ye r ,  i n t he  r e gi o n o f 2 . 3 
m m <  y <  3 . 3  mm,  d r ive s t h e  he a t tr a ns fe r  b e t we e n t he  fl o w 
a nd  the  wa l l.  T he r e fo r e ,  we  ne xt intr o d uc e  t he  fr e e - str e a m 
te mp e r a tur e  p r o file  a nd  p r o p ose  the  a d ia b a tic  wa l l te mp e r a t ur e  
a s the  si nk te mp e r a tur e s  fo r  e va lua ti ng he a t tr a n sf e r  
c o e ffic ie nt s,  a s will b e  d isc uss e d .  
T he  fr e e -s tr e a m te mp e r a t ur e  p r o file  is d e fi ne d  a s t he  
te mp e r a tur e  d istr ib utio n b e yo nd  the  the r ma l b o u nd a r y la ye r ’s  
e d ge .  T a king the  e xa mp le  a t p 3 , we  se le c t te mp e r a t u r e s  
b e yo nd  y =  2 . 3 mm fo r  the  fr e e -s tr e a m te mp e r a t u r e 
d istr ib utio n a nd  se le c t t he  t e mp e r a tur e  a t y =  2 . 3  a s t he  
fr e e str e a m te mp e r a t ur e  ( se e  Fi gur e  2 7 ) .  
T he  a d ia b a tic  wa ll te mp e r a t ur e  is t he  wa ll te mp e r a t ur e  
tha t wo uld  b e  if t he r e  we r e  n o  he a t tr a n sfe r  b e t we e n t he  w a ll 
a nd  the  flo w a t t he  p o int o f int e r e st.  E c ke r t ( 1 9 84 )  fo und  tha t a  
W a ll  
T he r mo c o up le  
p r o b e  
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 he a t tr a n sfe r  c o e ffic ie nt b a se d  o n the  a d ia b a tic  w a ll 
te mp e r a tur e  in fi l m c o o lin g e xp e r i me nts d e p e nd s o nl y o n the  
fl uid  me c ha nic s.  W ith fil m c o o ling,  a  j e t o f c o o l f luid  is 
intr o d uc e d  into  t he  the r ma l b o und a r y la ye r  o f inte r e st.  T he  
fil m c o o lin g f lo w mi xe s wi th  the  ma in str e a m flo w,  s i mila r  to  
the  wa y i n whic h the  ma i ns tr e a m flo w is mix in g wit h  the  
he a te d  f lo w b e in g c o n ve c te d  fr o m o t he r  he a te d  r e gio ns  in  t he  
p r e se nt st ud y.  I n a  t yp ic a l f i l m c o o lin g st ud y,  t he  a d ia b a tic  
fil m c o o lin g te mp e r a t ur e  is me a s ur e d  fir s t in a  te s t wi th  a n  
a d ia b a tic  wa ll.  T he n  the  he a t tr a ns fe r  c o e f fic ie nt i s me a s ur e d ,  
usi n g tha t a d ia b a tic  wa l l te m p e r a tur e  a s the  s in k t e mp e r a tur e .  
H o we ve r ,  d ue  to  t he  t he r ma l  se tup  o f t he  c ur r e n t e x p e r i me nt,  
we  c a nno t me a s ur e  t he  a d ia b a tic  wa ll te mp e r a t ur e  in  a n  
e xp e r i me nt wh ic h ha s a n a d i a b a tic  wa ll.  I n ste a d ,  we  find  the  
flo w r e gio n wh ic h i s r e sp o n sib le  fo r  the  lo c a l he a t  tr a n s fe r  
b e t we e n the  wa ll a nd  the  flo w a nd  d e fi ne  the  the r ma l  
b o und a r y la ye r  to  b e  tha t r e gio n.  W e  use  me a sur e me n ts  o f  
ve lo c it y to  id e nt if y t he  mo me ntu m b o und a r y la ye r  th ic k ne s s to  
a id  in t his d e te r mina tio n.  W e  the n  e xtr a p o la te  t he  te mp e r a t ur e  
p r o file  o f t he  flo w e xte r na l t o  the  t he r ma l b o u nd a r y la ye r ,  a s  
sho wn  b y e xa mp le  b e lo w.  T he  e xtr a p o la te d  te mp e r a tur e  o n t he  
wa ll is d e fi ne d  a s t he  a d ia b a tic  wa l l te mp e r a t ur e .  I t is t he  
te mp e r a tur e  the  wa ll wo uld  ha ve  i f tha t se c tio n a t the  w a ll 
we r e  no t he a te d .  Fi gur e  2 7  sh o ws  a n  e xa mp le  o f ho w we  g e t 
the  a d ia b a tic  wa ll te mp e r a t ur e .  Fr o m the  ve lo c it y p r o file s,  we  
id e nti f y the  b o u nd a r y la ye r  t hi c kne ss,  i n t hi s c a se  δ =  2 . 0  mm.  
W e  a ssu me  t ha t t he  the r ma l b o und a r y la ye r  is a p p r o x i ma t e l y 
o f the  sa me  t hic kne ss.  W e  use  this to  lo c a te  p o ints  j ust o utsi d e  
o f the  c o nd uc tio n la ye r  in t h e  me a s ur e d  te mp e r a tur e  p r o file  
( thr e e  p o ints in  the  r a n ge  2 . 3  mm <  y <  3 . 3  mm i n t his  
e xa mp le )  a nd  e xtr a p o la te  the  slo p e  the y ma ke  to  t he  wa ll  to  
d e te r mine  t he  a d ia b a tic  wa ll te mp e r a t ur e .  
T he  he a t tr a nsfe r  c o e f fic ie n t b a se d  o n ad ia b a tic  wa l l 















Fig ur e  2 8  sho ws  s uc h he a t  tr a ns fe r  c o e f fic ie nt s b a s e d  
up o n t he  a d ia b a tic  wa ll te mp e r a tur e s.  T he se  a r e  e xp e c te d  to 
d e p e nd  p r ed o mi na te l y o n the  flo w fie ld  a nd  b e  inse n si tive  to  
the  the r ma l b o und a r y c o nd itio ns.  V a l ue s o f h ( o r  no n-
d i me n sio na l iz e d  h)  t ha t  a r e  b a se d  up o n T aw  a r e  tr a n sp o r ta b le  
to  the  r e a l e ng ine  fo r  e va lua tio n o f c o n ve c ti ve  he a t tr a ns fe r .  
Fig ur e  2 9  sho ws he a t tr a n sfe r  c o e f fic ie nt s c o mp ute d  
wit h
∞
T ,  the  te mp e r a tur e  i n t he  flo w e x te r na l to  t he  t he r m a l 
b o und a r y la ye r .  W e  wo uld  e xp e c t the se  h va l ue s to  b e  mo r e 
d e p e nd e nt up o n t he  the r ma l b o und a r y c o nd itio ns.  
At e a c h lo c a tio n,  it is fo u nd  tha t the  he a t tr a n s fe r  
c o e ffic ie nt s c a n no t b e  d e te r mi ne d  a t so me  ti me s wi t hi n  the  
c yc le ,  e . g.  θ =  4 0 ° a nd  θ =  2 5 0 ° fo r  p 1 ,  θ =  6 0 ° fo r  p 2 ,  0 ° <  θ 
<  5 0 ° fo r  p 3  a nd  e tc .  T ha t is b e c a use  d ur i ng t he se  p a r ts  o f the  
c yc le ,  the  te mp e r a t ur e  d if fe r e nc e s a nd  the  he a t fl u xe s a r e  to o  
s ma l l a nd  the  he a t tr a ns fe r  c o e ffic ie nt s c a n no t b e  c a lc ula te d  
wit h a c c ur a c y.  At t he se  p o int s ,  we  a s sig n h =  0 .  
At p 1 ,  p 2 ,  a nd  p 3,  the  t wo  d e fini tio ns o f he a t tr a n s fe r  
c o e ffic ie nt s a gr e e  wit h e a c h o the r  ve r y we ll  ( se e  F ig ur e s  2 8 
a nd  2 9 ) .  At p 4 ,  p 5,  p 6, a nd  p 7 ,  ho we ve r ,  o b vio us  
d isa gr e e me nt s o c c ur .  At t he se  lo c a tio ns,  the  se p a r a tio n r e gi o ns  
a r e  thic k a nd  t he  fr e e -str e a m ve lo c itie s a r e  lo w.  T he 
te mp e r a tur e  gr a d ie nt s a r e  we a k a nd  te mp e r a tur e  c ha n ge s  
thr o u gho ut t he  b o u nd a r y la ye r  a nd  the  fr e e -str e a m a r e  sli g ht.  
T he r e fo r e ,  the  bo und a r y la ye r  e d ge  is d iffic ult to  d e te r mi ne .  
H e a t tr a ns fe r  c o e ffic ie nt s  b a se d  up o n a d ia b a tic  wa l l  
te mp e r a tur e s a r e  p r e fe r r e d .  
 
 
Fig ur e  2 7  A n e xa mp le  fo r  d e te r mini n g t he  a d ia b a tic  w a ll 
te mp e r a tur e ,  Taw ( p 3 ,  θ  = 328 °) 
 
Fig ur e  2 8  sho ws  t he  he a t t r a ns fe r  c o e f fic ie nts,  ve r s us  
lo c a tio n.  T he  he a t tr a ns fe r  c o e ffic ie nt s a t p 2  a r e  la r ge r  t ha n  
tho se  a t p 1  a nd  p 3 .  T ha t is b ec a use ,  a t p 2 ,  the  flo w is t ur ni n g  
in d ir e c tio n d ue  to  the  wa l l c ur va t ur e .  T he  he a t tr a ns f e r 
c o e ffic ie nt s a t p 5 ,  p 6 ,  a nd  p7  a r e  o f the  sa me  le ve l a s p 2 ,  if the  
he a t tr a ns fe r  c o e f fic ie nts whe n t he  ve lo c it y is a r o u nd  z e r o  a r e  
no t c o nsid e r e d ,  e . g.  t he  he a t tr a ns fe r  c o e f fic ie nts  a r o und  θ =  0 °, 
1 8 0 °,  a nd  3 60 °.  
Fig ur e  3 0  sho ws  t he  e nse mb le -a ve r a ge d  Sta nto n  n u mb e r s,  




=  (5) 
wh e r e  )tcos(XV m axd isp lacer ωω= .  W he n  t he  Vdisplacer  =  0 ,  St 
is se t to  0 .  
T he  Sta nto n nu mb e r  d istr ib u tio ns,  wit h p o sitio n o n the  
he a te r  he a d  in ne r  sur fa c e  a nd  ti me  wit hi n the  o sc i l la to r y c yc le ,  
c a n b e  a p p lie d  to  a  St ir lin g c yc le  e ng ine  o f t he  ge o me tr y o f  
this te st,  o p e r a ting a t the  V a le nsi a nd  Re yno ld s n u mb e r s o f 
this te st.  I t is no t e ntir e l y c le a r  ho w t he  va lue s mig ht  b e 
mo d i fie d  fo r  o the r  ge o me tr ie s  a nd  o p e r a tin g c o nd iti o ns.  M o st 
o f the  fr e e -p isto n e n gi ne s ha v e  a  “p r e ss ur e  ve sse l he a d ”  s ha p e  
fo r  the  he a d  ge o me tr y,  t he  sa me  a s t ha t a p p lie d  in t hi s st u d y 
T he se  r e sults c o uld  b e  a p p lie d to  tha t fa mil y o f e n g ine s.  B a se d  
up o n e xp e r ie nc e s wit h t ur b ule nt p ip e  o r  b o und a r y la ye r  flo ws,  
o ne  mi g ht e xp e c t tha t the  va lue s,  no r ma liz e d  a s Sta n t o n 
nu mb e r s,  wil l c ha n ge  wit h  the  Re yno ld s nu mb e r  to  th e  
ne ga t ive  0 . 2 0 -0 . 2 5  p o we r ,  a s wit h the  t ur b ule nt p ip e  o r 
b o und a r y la ye r  flo ws.  T he  r e sult s will b e  V a le nsi n u mb e r 
d e p e nd e nt.  T he  V a le nsi n u mb e r  o f this st ud y,  sc a le d  wit h the  
d isp la c e r  d ia me te r ,  is no t a  pr o p e r r a tio o f d iffu s io n ti me  to  
c yc le  p e r io d . I f c o nve r te d  to  o ne  b a se d  up o n a n a ve r a ge  fl o w 
p a ssa ge  wid t h a s the  le n gt h sc a le ,  it mi g ht b e  mo r e  s uita b le  fo r  
Fr e e -str e a m 
T e mp e r a tur e  
Ad ia b a tic  
T e mp e r a tur e  
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 p h ys ic a l i nte r p r e ta tio n.  Fo r  this te st,  t his  V a le ns i n u mb e r  
wo uld  b e  ro ugh l y: 5 0V a physica l ≈ .  I n c o nsid e r ing d if f usio n,  it is  
te mp ti ng to  u se  t he  t ur b ul e nt visc o si t y r a t he r  t ha n  t he  
mo le c ula r  v isc o sit y.  T he  r a tio b e t we e n t he  t wo  is v a r ia b le ,  b ut  
in th is flo w,  a  r a tio  o f a b o ut  1 0 -2 0  is r e a so na b le .  W ith this  
c ha n ge ,  t he  V a le n si nu mb e r  b e c o me s 2 . 5 -5 .  Sinc e  it i s a b o ve  
uni t y,  it still i nd ic a te s se n siti vi t y to  fr e q ue nc y.   
T o use  the  Sta nto n nu mb e r  d istr ib utio n p r e se nte d  in  
Fig ur e  3 0  fo r  c o mp uti ng wa ll he a t fl ux  d istr ib utio n s,  o ne  m ust  
d e te r mine  t he  te mp e r a t ur e  d if fe r e nc e  d r ivi n g the  he a t tr a ns f e r . 
A n e sti ma te  o f the  a ve r a ge  te mp e r a t ur e  o f t he  f luid  wi thi n the  
he a d  r e gio n a nd  the  kno wn  d istr ib utio n o f he a te r  he a d  wa ll 
te mp e r a tur e  wo uld  a llo w use  o f t he  me a s ur e d  Sta n to n  
nu mb e r s to  ma ke  a n e sti ma t e  o f the  ti me  a nd  sp a c e -v a r y ing  
he a t flu xe s.  T his wo uld  b e  ve r y a p p r o xi ma te .  T his m o d e l 
c o uld  b e  i mp r o ve d  up o n wit h a  ti me -r e so lve d ,  1 -D  mo d e l,  
suc h a s Sa ge  ( G e d e o n,  1 9 9 9 ) ,  to e va lua te  t he  sp a tia l l y-
a ve r a ge d ,  b ut ti me -r e so lv e d  e xp a nsio n sp a c e  flu id  
te mp e r a tur e s.  A mo r e  a c c ur a t e  me tho d  fo r  a p p lic a tio n o f th e se  
d a ta  is to  co mp ute  the  sp a ti a ll y-r e so lve d  flo w a nd  the r ma l  
fie ld s b y a p p l yi ng t he  Sta n to n n u mb e r s o f t his r e p o r t a nd  the  
kno wn  wa ll te mp e r a tur e  d i str ib utio n.  T his c a n b e  d o ne  
a c c ur a te l y wi th a  r a the r  c o a r se  a xis y m me tr ic  CF D  mo d e l.  
N o te  tha t the  ne a r - wa ll r e gio n  ne e d  no t b e  fine l y r e so lve d  f o r  
the  he a t tr a ns fe r  c o e f fic ie nts  a r e  give n to  the  a na l ysi s a nd  a r e 
no t c o mp u te d .  W he n c o nve r ge d ,  thi s wo uld  gi ve  a  go o d  
e sti ma te  o f t he  sp a tia l a nd  ti m e -r e so lve d  te mp e r a tu r e  fie ld  a nd  
a d ia b a tic  wa ll te mp e r a t ur e s.  T he  wa l l he a t fl u x va l ue s c o uld  
b e  c o mp ute d  fr o m t he  Sta nto n  nu mb e r  d a ta .   
I t is i mp o r ta nt to  no te  tha t thi s Sta nto n n u mb e r  
c ha r a c te r iz e s t he  c o n ve c tive  h e a t fl ux.  I t d o e s no t  i nc l ud e  the  
he a t fl u x a sso c ia te d  with i se ntr o p ic  c o mp r e ss io n he a ti n g a nd  
ise ntr o p ic  e xp a n sio n c o o lin g o f the  Stir li ng c yc le  fl uid .  T his  
c o mp o ne nt o f he a t flu x c o u ld  b e  c o mp ute d  se p a r a te l y  a nd  
sup e r p o se d  o n the  he a t fl ux b y c o n ve c tio n c o mp ute d  fr o m t he  
c o nve c ti ve  Sta nto n n u mb e r  r e sult s p r e se nte d  i n thi s  r e p o r t.  
 
 
Fig ur e  2 8  E nse mb le -a ve r a ge d  he a t tr a ns fe r  c o e ffic ie nts b a s e d  
o n a d ia b a tic  wa ll te mp e r a tur e  ve r s us lo c a tio n i n t h e  c yc le  
 
Fig ur e  2 9  E nse mb le -a ve r a ge d  he a t tr a ns fe r  c o e ffic ie nts b a s e d  
o n te mp e r a tur e  a t i n fini t y ve r s us t he  lo c a tio n i n t he  c yc le   
 
 
Fig ur e  3 0  E nse mb le -a ve r a g e d  Sta nto n n u mb e r s b a se d  o n 




T he  ve lo c it y a nd  te mp e r a t ur e  p r o file s a r e  me a sur e d  und e r  
o sc illa to r y flo w c o nd itio ns si mu la ti ng flo w in the  e xp a n si o n 
sp a c e  o f a  S tir lin g c yc le  e n gin e .  T he  un ste a d y he a t  fl uxe s,  h e a t 
tr a ns fe r  c o e f fic ie nts,  a nd  Sta nto n nu mb e r s a r e  o b ta ine d  fr o m 
the  me a s ur e me n ts.  T he  flo w se p a r a te s fr o m the  he a d  sur fa c e  
d ue  to  the  c ur ve d  wa ll ge o me tr y a nd  the  a d ve r se  te m p o r a l 
p r e ssur e  gr a d ie nt s.  Flo w vi s ua liz a tio n,  ve lo c it y me a s ur e me n ts,  
a nd  the r ma l  me a sur e me nts  s h o w ve r y c o nsi ste nt b e ha v io r .  T he 
a ve r a ge  he a t tr a ns fe r  c o e ffic i e nts a r e  r e ma r ka b l y l o w.  T his is  
b e c a use  o f the  t hic k b o und a r y la ye r s a nd  se p a r a tio n  z o ne s  o n 
the  he a d  i nne r  wa ll.  
T he  me a s ur e d  Sta nto n n u mb e r s c o uld  b e  u se d  in  
c o nj unc tio n wi th c o a r se  C FD  mo d e ls to  c o mp ute  he a te r  he a d 
wa ll he a t fl ux d istr ib utio n s.  A s ho r t d isc u ssio n o n  t his  is 
p r e se nte d .  T he  me a sur e d  ve lo c itie s a nd  te mp e r a t ur e s  c o uld  b e  
c o mp a r e d  wi th n u me r ic a l si m ula tio n s o f the  te st r ig  to  a id  in 
va lid a tio n o f multid i me nsio na l d e sig n c o d e s.  
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The heater (or acceptor) of a Stirling engine, where most of the thermal energy is accepted into the engine by heat
transfer, is the hottest part of the engine. Almost as hot is the adjacent expansion space of the engine. In the expansion
space, the flow is oscillatory, impinging on a two-dimensional concavely-curved surface. Knowing the heat transfer on
the inside surface of the engine head is critical to the engine design for efficiency and reliability. However, the flow in
this region is not well understood and support is required to develop the CFD codes needed to design modern Stirling
engines of high efficiency and power output. The present project is to experimentally investigate the flow and heat
transfer in the heater head region. Flow fields and heat transfer coefficients are measured to characterize the oscillatory
flow as well as to supply experimental validation for the CFD Stirling engine design codes. Presented also is a discussion
of how these results might be used for heater head and acceptor region design calculations.


